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Abstract
Organisms are continuously exposed to a myriad of environmental stresses. Central to an organism’s survival is the ability to
mount a robust transcriptional response to the imposed stress. An emerging mechanism of transcriptional control involves
dynamic changes in chromatin structure. Alterations in chromatin structure are brought about by a number of different
mechanisms, including chromatin modifications, which covalently modify histone proteins; incorporation of histone
variants; and chromatin remodeling, which utilizes ATP hydrolysis to alter histone-DNA contacts. While considerable insight
into the mechanisms of chromatin remodeling has been gained, the biological role of chromatin remodeling complexes
beyond their function as regulators of cellular differentiation and development has remained poorly understood. Here, we
provide genetic, biochemical, and biological evidence for the critical role of chromatin remodeling in mediating plant
defense against specific biotic stresses. We found that the Arabidopsis SWI/SNF class chromatin remodeling ATPase
SPLAYED (SYD) is required for the expression of selected genes downstream of the jasmonate (JA) and ethylene (ET)
signaling pathways. SYD is also directly recruited to the promoters of several of these genes. Furthermore, we show that
SYD is required for resistance against the necrotrophic pathogen Botrytis cinerea but not the biotrophic pathogen
Pseudomonas syringae. These findings demonstrate not only that chromatin remodeling is required for selective pathogen
resistance, but also that chromatin remodelers such as SYD can regulate specific pathways within biotic stress signaling
networks.
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Introduction
In eukaryotic organisms genomic DNA is packaged into
chromatin, which can repress transcription by blocking the access
of regulatory proteins to DNA. Dynamic changes in chromatin
structure are now recognized as a robust mechanism of
transcriptional control [1–3]. Changes in chromatin structure
are brought about by a number of different mechanisms including:
chromatin modifications, which covalently modify histone pro-
teins; incorporation of histone variants; and chromatin remodel-
ing, which utilizes ATP hydrolysis to alter histone-DNA contacts
[1,3–5]. ATP-dependent chromatin remodeling complexes are
present in all eukaryotic organisms and can be grouped into three
main classes: the SWI/SNF ATPases, the imitation switch (ISWI)
ATPases, and the chromodomain and helicase-like domain (CHD)
ATPases [2,3].
Significant advances have been made in understanding the
mechanism of ATP-dependent chromatin remodeling complex
action [1,4]. However, the biological role of chromatin remodeling
complexes remains poorly understood, particularly in multicellular
organisms where null mutations tend to be lethal [3,6]. Studies
that have investigated the biological role of chromatin remodeling
complexes in multicellular organisms have largely focused on their
role as regulators of cellular differentiation and development [2,3].
In particular, Arabidopsis has served as a valuable model due to the
fact that mutants in genes encoding a number of chromatin
remodeling complex proteins are viable. One of the most well
characterized chromatin remodeling complex proteins in Arabi-
dopsis is the SWI/SNF class chromatin remodeling ATPase
SPLAYED (SYD). Loss of SYD activity causes defects in many
different developmental pathways including stem cell mainte-
nance, patterning, developmental transitions and growth [3,7–9].
The biological role of altering chromatin structure in response
to stress via chromatin modifications and incorporation of histone
variants has been documented [10–14]. However, the biological
role of chromatin remodeling complexes or their specificity
remains poorly understood. The role of chromatin remodeling
in response to stress has been best studied in yeast where it has
been shown that chromatin remodeling complexes are required for
stress tolerance and are recruited to specific promoters upon stress
[15–19]. However, few studies performed in multicellular
organisms have investigated the role of chromatin remodeling in
mediating stress responses. One study conducted in the human cell
culture line SW480 demonstrated that chromatin remodeling
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complexes are recruited to specific promoters upon oxidative
stress, which suggests that chromatin remodeling plays a role in the
stress tolerance of multicellular organisms [20]. Additionally, it is
unknown in any eukaryotic organism whether reduced stress
tolerance in chromatin remodeling mutants is stress specific or
indicative of decreased overall fitness due to non-specific global
mis-regulation of gene expression.
In this study we examine the role chromatin remodeling plays in
biotic stress responses. We found that SYD is required for
expression of specific genes within biotic stress signaling networks.
This requirement is likely both direct and indirect as SYD is
recruited to the promoter of some, but not all, of the genes for
which it is required for expression. We show that SYD is required
for resistance against the necrotrophic pathogen B. cinerea but not
the biotrophic pathogen P. syringae. These findings demonstrate not
only that chromatin remodeling is required for selective pathogen
resistance, but also that chromatin remodelers, such as SYD can
regulate specific pathways within biotic stress signaling networks.
Results/Discussion
We investigated the role of chromatin remodeling in stress
signaling using Arabidopsis, a multicellular organism where viable
chromatin remodeling null mutants exist [9]. In a previous study
we showed that the SWI/SNF class chromatin remodeling
ATPase SYD transcript is upregulated rapidly following mechan-
ical wounding [21]. We also demonstrated that mechanical
wounding is a response common to numerous biotic stresses that
a plant may encounter [21]. The upregulation of SYD in response
to wounding suggests that SYD may be recruited to remodel
promoters within stress signaling networks. To begin delineating
the placement of SYD in stress signaling we first examined
whether SYD is required for expression of other transcripts
upregulated rapidly in response to wounding. This demonstrated
that SYD is not required for the expression of the rapid wound
response genes ETHYLENE RESPONSE FACTOR #18 (ERF#18)
or CCR4 ASSOCIATED FACTOR 1-like (CAF1-like) (Figure S1A).
We next investigated the role of SYD in the ethylene (ET),
jasmonate (JA), and salicylic acid (SA) stress signaling pathways,
which respond to abiotic and biotic stresses such as wounding and
pathogen infection (Figure 1A) [22,23]. As shown in Figure 1B,
basal expression of the plant defensin PDF1.2a, a marker for intact
ET and JA signaling, is lost in syd-2 null mutants [9]. As basal
levels of PDF1.2a are generally low, but detectable, we increased
cycle number to improve our ability to detect basal differences
between syd-2 and wild-type (WT) [24,25]. In contrast, basal
expression of PATHOGENESIS-RELATED1 (PR1), a marker for
intact SA signaling, is maintained in syd-2 plants (Figure 1B).
These data suggest that SYD is required for ET and JA signaling
but not SA signaling.
The loss of basal PDF1.2a but not PR1 expression in non-
stressed syd-2 plants suggests that SYD impacts specific stress
signaling pathways. To explore the role of SYD under inductive
stress treatments we inoculated plants with the necrotrophic
pathogen Botrytis cinerea and the virulent biotrophic pathogen
Pseudomonas syringae. As resistance to B. cinerea requires ET and JA
signaling, whereas resistance to P. syringae is predominantly
mediated by SA signaling [22,26], use of these two pathogens
allows further experimental evaluation of requirements for SYD
function in defense signaling. We first monitored expression of key
genes in the ET/JA pathway in response to B. cinerea treatment.
The expression of the transcription factor ETHYLENE RESPONSE
FACTOR1 (ERF1), which requires both ET and JA for induction
[22,27–29], is similar in WT and syd-2 plants (Figure 2A). In
contrast to ERF1, the expression of PDF1.2a requires SYD in
response to B. cinerea (Figure 2A). In addition, we examined the
expression of PR1 in plants treated with B. cinerea and determined
that this gene is expressed at similar levels in WT and syd-2 plants
(Figure 2A). We next assayed the expression of a suite of genes
involved in SA biosynthesis and signaling in response to P. syringae
and found that SYD is not required for their expression (Figure 2B
and Figure S2). Additionally, expression of PR1, but not upstream
genes (PAD4, ICS1, NPR1, and WRKY70), is enhanced in syd-2
plants. The apparent lack of detectable enhancement in PR1
expression levels by RT-PCR (Figure 1B) is likely due to signal
saturation inherent to ETBr staining. However, this pattern of
transcriptional alteration is similar to what is observed in myc2/jin1
mutants, suggesting that MYC2 expression may be reduced in syd
(Figure 1A) [22,30]. Furthermore, as SWI/SNF class chromatin
remodeling ATPase’s are primarily considered activators of
transcription it is highly unlikely that SYD is acting directly to
Figure 1. SYD is required for ET and JA marker gene
expression. (A) Simplified model of the stress responsive network
involving ET, JA, and SA signaling pathways [22,23]. (B) RT-PCR analysis
of basal levels of SA responsive PR1 and ET and JA responsive PDF1.2a
expression in WT (Ler) and syd-2 rosette leaves.
doi:10.1371/journal.ppat.1000237.g001
Author Summary
In eukaryotes, genomic DNA is organized into a complex
DNA-protein structure termed chromatin. The organization
of chromatin serves to compact DNA within the nucleus
and plays a central role in regulating transcription by
controlling the access of DNA to transcriptional machinery.
Chromatin structure can be altered through several
mechanisms, one of which is chromatin remodeling, a
process that disrupts DNA–protein interactions resulting in
altered accessibility of specific DNA regions to regulatory
proteins in the transcriptional machinery. In this study, we
investigated the biological role of chromatin remodeling in
defense responses to biotic stresses using the model plant
Arabidopsis. We found that a chromatin remodeling
protein, SPLAYED, is required for gene expression within
specific biotic stress signaling networks. Consistent with
this observation, loss of SPLAYED chromatin-remodeling
activity resulted in increased susceptibility to a fungal
pathogen, Botrytis cinerea, but not to a bacterial pathogen,
Pseudomonas syringae. These results demonstrate that
reduced stress tolerance in a chromatin-remodeling
mutant plant can be stress specific, and is not simply
due to a decrease in overall fitness as a result of non-
specific global mis-regulation of gene expression.
Chromatin Remodeling and Stress
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repress PR1 expression in WT plants [4]. Taken together these
data demonstrate that SYD is required within specific stress
signaling pathways in response to pathogen infection.
The finding that SYD is required for gene expression within
specific stress signaling pathways suggests that loss of SYD function
may reduce tolerance to specific biotic stresses. To test this
hypothesis we first examined the resistance of syd mutants to B.
cinerea. For this experiment we tested two independent syd null
alleles and compared them to their respective WT background. As
shown in Figure 3A and 3B, syd mutant plants are more susceptible
to B. cinerea infection. The increased susceptibility of the syd
mutants to B. cinerea is likely due to altered ET and/or JA signaling
impacting defence mechanisms. It should also be noted that the
phytoalexin camalexin plays a role in B. cinerea resistance [26].
However no significant difference in camalexin levels were
detected between syd mutant and WT plants after elicitor
treatment (data not shown). This suggests that SYD affects B.
cinerea resistance through ET/JA signaling independent of
camalexin production. To determine if reduced resistance was
specific to B. cinerea we inoculated syd mutants with virulent P.
syringae, for which resistance is predominantly mediated via SA
signaling [26]. In contrast to B. cinerea, syd mutants and WT plants
show similar resistance to P. syringae (Figure 3C and 3D). These
results demonstrate that chromatin remodeling via SYD is
required for stress specific disease resistance.
SYD was originally implicated in stress responses by the
observation that SYD transcripts accumulate upon wounding. [21].
We therefore examined which aspects of the ET and JA signaling
pathways are impacted in syd mutants following wounding.
Furthermore, we wished to directly compare gene expression levels
with SYD recruitment to specific promoters via chromatin
immunoprecipitation (ChIP) assays. Wounding is therefore advan-
tageous as it enables better synchronization of the stress stimulus and
is a feasible treatment for the large amount of tissue required for
ChIP. We first monitored the expression of ALLENE OXIDE
SYNTHASE, which is involved in JA biosynthesis, and found its
transcription to be similar in WT and syd-2 plants before and after
wounding (Figure S1B). Measurement of JA levels reveals that basal
Figure 2. SYD is required within specific stress signaling
pathways in response to biotic stress. (A) RT-PCR analysis of select
ET/JA responsive genes in Ler and syd-2 detached rosette leaves either
mock (M) or B. cinerea (B.c.) treated for 48 h. (B) RT-qPCR analysis of SA
biosynthesis and signaling genes 0 and 8 hours post inoculation (hpi)
with 26108 CFU/ml virulent P. syringae pv. tomato (Pst) DC3000.
Transcript levels were normalized to internal control genes measured in
the same samples. Data are means of 3 independent biological
replicates 6SEM.
doi:10.1371/journal.ppat.1000237.g002
Figure 3. The chromatin remodeling ATPase SYD is required
for resistance to B. cinerea. (A) Visual symptoms 4 d following spot
inoculation with B. cinerea spores. (B) Lesion size 4 d after spot
inoculation with B. cinerea spores. Data are means of 16 independent
biological replicates 6SEM. Asterisks denote a significant difference
from WT (P,0.05) as determined by t-tests. B. cinerea susceptibility
assays were performed 3 times with similar results. Statistically different
lesion size was also observed 3 d after inoculation. (C,D) Bacterial
growth in WT and syd inoculated with 26104 CFU/ml virulent P.
syringae pv. tomato (Pst) DC3000. Data are means of 8 independent
biological replicates6SD. No significant differences were detected by t-
tests. Pathogen assays comparing Ler versus syd-2 were repeated 3
times with similar results.
doi:10.1371/journal.ppat.1000237.g003
Chromatin Remodeling and Stress
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and wound-induced JA biosynthesis is intact in syd-2 plants
(Figure 4A). In agreement with B. cinerea treatment (Figure 2A),
expression of ERF1 is similar in WT and syd-2 in response to
wounding (Figure 4B). Furthermore, an additional ethylene response
factor (ERF2), which when overexpressed results in enhanced
PDF1.2a levels [31], was similar in WT and syd-2 (Figure S1B).
These data collectively indicate that SYD activity is required
downstream of ET and JA biosynthesis and ERF1&2 expression.
Downstream of ERF1 the expression of PDF1.2a is severely
reduced, to similar levels, before and after wounding in syd-2
mutants (Figure 5A). SYD is also required downstream of JA
biosynthesis for the expression of the bHLH Leu zipper
transcription factor MYC2 (Figure 5B). The reduced expression
of MYC2 suggests that the increased level of PR1 may indeed be
due to decreased MYC2 levels in syd plants. Consistent with the
reduced level of MYC2 transcripts, the expression of VEGETA-
TIVE STORAGE PROTEIN 2 (VSP2), a gene in the JA signaling
pathway which requires MYC2 for expression [22,32–35], is
severely reduced in syd-2 mutants (Figure 5C). Taken together
these data show that while chromatin remodeling via SYD is not
required for expression of ET and JA biosynthesis genes, SYD
activity is required for expression of PDF1.2a, MYC2 and VSP2.
The finding that MYC2 transcript levels are reduced in syd-2
plants (Figure 5B), even though syd-2 is more susceptible to B.
cinerea (Figure 3A and 3B), appears to conflict with published
models of defense signaling where MYC2 acts as a negative
regulator of PDF1.2a expression and resistance to necrotrophic
pathogens (Figure 1A) [22,34]. However, the apparent discrepan-
cy can be reconciled. The slight increase in resistance against B.
cinerea of myc2/jin1 mutants is thought to be due to derepression of
pathogen defense genes such as PDF1.2a [34]. In syd-2 mutants
derepression of PDF1.2a does not occur even though the level of
MYC2 is reduced, suggesting that the requirement of SYD for
PDF1.2a expression precedes repression of PDF1.2a by MYC2. It is
also possible that the level of MYC2 transcript reduction in syd-2 is
not great enough to have a measurable biological impact.
Additionally, increases in resistance to B. cinerea exhibited by the
myc2/jin1 mutants, assayed by qualitative disease symptom rating,
appeared to be subtle [34], suggesting that the myc2/jin1 effect
could be masked in syd mutants. To better quantify the impact of
MYC2 on resistance to B. cinerea, we measured lesion development
on leaves of myc2/jin1 mutant plants following infection with
multiple B. cinerea isolates. We found no significant quantitative
difference in lesion formation between WT and myc2/jin1 mutants
(Figure 6A and Figure S3A and S3C). We also measured defense-
associated secondary metabolites, including camalexin and
glucosinolates, in mock- and B. cinerea- treated WT and myc2/
jin1 plants. Glucosinolates are associated with Arabidopsis defense
against insect herbivores and pathogens and some are regulated by
JA signaling [36]. Of the five measured metabolites known to be
regulated by JA, camalexin and indole-3-yl-methyl were unaffect-
ed by the myc2/jin1 mutation in comparison to WT, 3-
methylsulfinyl and 4-methylsulfinyl decreased only in mock treated
myc2/jin1 while 4-methoxy-indole-3-yl-methyl was present at
higher concentrations in only B.cinerea treated myc2/jin1
(Figure 6B and Figure S3B, S3D and S3E and Table S1).
Together these data suggest that MYC2 has neither directionally
consistent nor major impacts on all molecular JA responses. It is
therefore not surprising that syd mutants are more susceptible to B.
cinerea even though MYC2 levels are reduced in syd-2.
The requirement of SYD for the expression of select ET and JA
responsive genes suggests that SYD may be directly recruited to
remodel their promoter regions, thereby enabling transcriptional
induction. To test this hypothesis in vivo we performed ChIP followed
by quantitative polymerase chain reaction (ChIP-qPCR) assays using
the SYD specific antibody, which was previously used in ChIP
experiments to show that SYD binds the WUSCHEL promoter to
regulate stem cell fate [8]. Additionally, ChIP-qPCR was performed
using IgG (negative control) and RNA polymerase II (POLII)
(positive control for actively transcribed regions) antibodies. The
background level of SYD binding to non-specific genomic loci
Figure 4. SYD activity is required downstream of ET and JA
biosynthesis. (A) Measurement of JA metabolite levels in non-
wounded and wounded Ler and syd-2 plants. Data are means of 3
independent biological replicates 6SD. (B) Total RNA was extracted
from non-wounded and mechanically wounded rosette leaves and
subjected to RT-qPCR analysis. ERF1 transcript levels were normalized to
At4g26410 measured in the same samples. Data are means of 3
independent biological replicates 6SEM.
doi:10.1371/journal.ppat.1000237.g004
Figure 5. SYD regulates expression of ET and JA responsive defense genes. (A–C) Total RNA extracted from non-wounded and wounded
Ler and syd-2 rosette leaves was subjected to RT-qPCR analysis. Transcript levels were normalized to both At4g34270 and At4g26410 measured in the
same samples. Data are means of 3 independent biological replicates 6SEM.
doi:10.1371/journal.ppat.1000237.g005
Chromatin Remodeling and Stress
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(dashed line in Figure 7A and Figure S4) was determined by ChIP-
qPCR performed on the promoters of two seed specific genes,
OLEOSIN1 and AT2S3, which are subject to repressive histone H3
lysine 27 trimethylation and are not expressed in Arabidopsis leaf
tissue [37]. Additionally, ChIP-qPCR was performed on syd-2 tissue
wounded for 12 h to further ensure that the results are SYD specific
(Figure S5). Under the experimental conditions tested, SYD does not
bind the promoter of either PDF1.2a or ERF1 above the background
level of detection (Figure 7A and Figure S4). To further verify the
lack of SYD binding to PDF1.2a a second region of the PDF1.a
promoter was assayed and SYD binding was not detected (Figure
S4). As shown in Figure 7A, SYD binds the promoter of MYC2
before and after wounding. Finally, SYD is recruited to the promoter
of VSP2 following wounding (Figure 7A).
Based on our findings we propose a model (Figure 7B) that
summarizes the roles of SYD in response to wounding. Although
Figure 6. Role of MYC2 in response to B. cinerea. (A) Lesion size 3 d after spot inoculation with B. cinerea spores. (B) Camalexin levels of
detached rosette leaves either mock (M; black bar) or B. cinerea (B.c.; grey bar) treated for 3 d. Results for B. cinerea isolate Grape are shown. Two
alleles were tested, jin1-8 and jin1-9 [33,34], and no significant differences between alleles were detected. We therefore pooled the two alleles to
increase statistical power and refer to them as myc2/jin1. Data are means of 8 (Col) or 16 (myc2/jin1) independent biological replicates 6SEM.
Experiments were independently repeated with similar results.
doi:10.1371/journal.ppat.1000237.g006
Figure 7. SYD is recruited to the promoters of ET and JA responsive defense genes. (A) ChIP-qPCR analysis of SYD (grey bars; left y-axis)
and POLII (black bars; right axis) recruitment to the promoters of PDF1.2a (2323 to 2151), MYC2 (2320 to 2222), and VSP2 (2226 to 2147). Data
presented are normalized to input DNA and expressed as fold enrichment of SYD or POLII relative to IgG. ChIP-qPCR was performed on non-wounded
and wounded Ler plants. Data are means of 3 or 4 independent biological replicates 6SEM. The dashed line represents the mean SYD background
fold enrichment at non-specific genomic loci assayed at the seed specific promoters of OLEOSIN1 and AT2S3. (B) Model summarizing the roles of SYD
in response to wounding.
doi:10.1371/journal.ppat.1000237.g007
Chromatin Remodeling and Stress
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SYD is required for the expression of PDF1.2a we were unable to
detect SYD enrichment at the promoter of PDF1.2a, suggesting that
SYD may act indirectly through an unknown factor(s) to enable
transcription of PDF1.2a. Additionally, SYD is bound to the MYC2
promoter, which is consistent with the reduced expression of MYC2
in syd-2. The direct recruitment of SYD to theMYC2 promoter may
also help explain the reduced transcript levels of VSP2, in non-
wounded syd-2, even though SYD binding to the VSP2 promoter
region was only detected following wounding. Altogether these data
suggest that the altered expression of ET and JA responsive genes in
syd-2 is likely a result of the loss of SYD acting both directly and/or
indirectly on their promoters to regulate transcription.
Conclusions
Our results show that ATP-dependent chromatin remodeling is
required for expression of specific genes within stress signaling
networks. Additionally, this requirement is likely both direct and
indirect as the chromatin remodeling ATPase SYD binds several,
but not all, of the stress responsive promoters examined in vivo.
Loss of chromatin remodeling activity also results in increased
susceptibility to B. cinerea but not P. syringae. These results provide
biological evidence that chromatin remodeling complexes, which
are evolutionarily conserved within eukaryotes, are required for
stress tolerance not only in yeast but also multicellular organisms.
Furthermore, the requirement of ATP-dependent chromatin
remodeling complexes is pathogen-specific and not a result of a
general reduction in fitness.
Materials and Methods
Plant growth conditions and treatment
Arabidopsis thaliana plants were grown in a 16 h light/8 h dark
photoperiod at 22uC; except plants for pathogen treatments, which
were grown in a 12 h light/12 h dark photoperiod. Wounding was
performed as previously described [21]. All experiments were
performed on 4 to 5-wk-old plants, which exhibited no disease
symptoms or insect herbivory prior to treatment. Detached leaf
assays were performed using the B. cinerea isolates DN, Grape, B05.10
and 83-2 [38]. Arabidopsis leaves were inoculated with 5 ml of spores at
a concentration of 50,000 spores/ml [38,39]. For P. syringae bacterial
growth assays Arabidopsis leaves were inoculated with 26104 CFU/
ml P. syringae pv. tomato (Pst) DC3000 by hand injection.
Expression analyses
Total RNA from rosette leaves was isolated by TRIzol
extraction (Life Technologies, Grand Island, NY) and treated
with DNAaseI to control for DNA contamination. RNA was
reverse transcribed using Superscript III (Invitrogen, Carlsbad,
California). PCR for RT-PCR were conducted in 25 ml reactions
containing 20 ng cDNA, 1.5 mM MgCl2, 0.2 mM each dNTP,
0.05 mM each primer, and 1 U Choice-Taq Blue (Denville
Scientific, Metuchen, NJ) and amplified for 29 cycles except for
PDF1.2a in Figure 1B and ERF1 in Figure 2A, which were
amplified for 34 cycles. Quantitative RT-PCR was conducted in
50 ml reactions containing 10 ng cDNA, 16 iQ SYBR Green
supermix (Bio-Rad Laboratories, Hercules, CA), and 200 or
250 nM each primer. Amplification and data analysis were carried
out as previously described [21]. The internal controls At4g34270
and At4g26410 previously described were used for transcript
normalization [40]. Primers are listed in Table S2.
JA measurement
Extraction of JAs (MeJA and JA) were carried out as previously
described [41] and further analyzed by GC-MS using a Hewlett
and Packard 6890 series gas chromatograph coupled to an Agilent
Technologies 5973 network mass selective detector operated in
electronic ionization (EI) mode.
Camalexin and glucosinolate measurement
Camalexin and glucosinolates were measured 72 h after mock or
B. cinerea inoculation as previously described [42]. Briefly, individual
leaves were collected into deep 96-well plates containing 0.5 ml 90%
methanol in each well. Following tissue disruption and centrifuga-
tion, 150 ml of leaf extract was removed for camalexin measurement.
De-sulfo glucosinolates were extracted from an additional 150 ml of
the same sample by passing the methanolic extract over a column of
DEAE Sephadex A-25 (Sigma-Aldrich) and, after methanol and
water washes, incubating the samples overnight with an excess of
sulfatase before eluting with 150 ml H20. Extractions were performed
largely as previously described, but using centrifugation rather than
vacuum to remove liquid from the Sephadex columns [43].
Separation of 50 ml of aqueous extracts was performed on a 5-mm
column (Lichrocart 250-4 RP18e, Hewlett-Packard, Waldbronn,
Germany) attached to a Hewlett-Packard 1100 series HPLC, using
the following series of solvent gradients: 6-min 1.5% to 5.0% (v/v)
acetonitrile, 2-min 5% to 7% (v/v) acetonitrile, 7-min 7% to 25% (v/
v) acetonitrile, 2-min gradient from 25% to 92% (v/v) acetonitrile,
6 min at 92% (v/v) acetonitrile, 1-min 92% to 1.5% (v/v)
acetonitrile, and a final 5 min at 1.5% (v/v) acetonitrile. Compounds
were detected at 229 nm using a diode array detector, identified by
comparison with retention time and absorption spectra of purified
references, and quantified using response factors as previously
published (Table S1) [44,45].
ChIP-qPCR
ChIP-qPCR assays were performed as previously described [8]
with the following modifications. Each ChIP was conducted using
500 mg of Ler rosette leaf tissue. DNA was sonicated to a size
range of 0.3–1.5 kb. For the IgG control ChIP 2 mg of IgG from
rabbit serum (Sigma, St. Louis, MO) was used. Following reverse
cross-linking of the immunoprecipitation reactions the samples
were treated with RNase A solution (CalBiochem, La Jolla, CA)
and Proteinase K (Sigma, St. Louis, MO). qPCR of the ChIP
eluates was performed with iQ SYBR Green supermix according
to manufacturer. ChIP-qPCR results were calculated based on the
DDCt method using the SuperArray ChIP-qPCR Data Analysis
Template (Frederick, MD) according to the SuperArray manual,
as described [46]. Briefly, ChIP DNA fractions were first
normalized to input DNA (DCt) to account for chromatin sample
preparation differences. Input normalized SYD and POLII ChIP
fractions were then adjusted for the normalized non-specific
background (IgG) giving the DDCt value. Fold differences relative
to the IgG reference were then calculated by raising 2 to the DDCt
power. The primers used in this study are listed in Table S2.
Statistical analysis
To determine statistical significance of treatment effects
comparing WT versus syd t-tests were performed using Sigma
Stat v3.5 (San Jose, CA). For comparison of WT versus myc2/jin1
factorial ANOVA performed within SAS (Cary, NC) was used to
analyze the effects of genotype and treatment on measured
phenotypes, with significance of differences determined via t-tests
of pre-selected comparisons.
Accession numbers
PR1: At2g14610, PDF1.2a: At5g44420, UBQ10: At4g05320,
ERF1: At3g23240, PAD4: At3g52430, ICS1: At1g74710, NPR1:
Chromatin Remodeling and Stress
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At1g64280,WRKY70: At3g56400, ERF#18: At1g74930, CAF1-like:
At3g44260, AOS: At5g42650, ERF2: At5g47220, MYC2:
At1g32640, VSP2: At5t24770, Oleo1: At4g25140, AT2S3: At4g27160
Supporting Information
Figure S1 Expression of wound responsive transcripts in syd-2.
(A) RT-PCR analysis of select rapid wound response genes in Ler
and syd-2 plants in response to wounding (B) RT-PCR analysis of
the JA biosynthesis gene AOS and the ET/JA responsive ERF2 in
response to wounding.
Found at: doi:10.1371/journal.ppat.1000237.s001 (0.65 MB EPS)
Figure S2 RT-PCR expression analysis of genes involved in SA
biosynthesis and signaling in response to P. syringae.
Found at: doi:10.1371/journal.ppat.1000237.s002 (0.71 MB EPS)
Figure S3 Role of MYC2 in response to B. cinerea. (A) Lesion size
3 d after spot inoculation with B. cinerea isolate 83-2. (B) Camalexin
levels of detached rosette leaves either mock (M; black bar) or B.
cinerea isolate 83-2 (B.c.; grey bar) treated for 3 d. (A and B) Two
alleles were tested, jin1-8 and jin1-9. No significant differences
between alleles were detected, therefore the two alleles were
pooled (myc2/jin1). Data are means of 8 (Col) or 16 (myc2/jin1)
independent biological replicates 6SEM. Experiments were
repeated with similar results. (C) Lesion size 3 d after spot
inoculation of Col and jin1-9 plants with B. cinerea isolate B05.10.
Data are means of 8 independent biological replicates 6SEM. (D)
Camalexin levels of detached rosette leaves treated with B. cinerea
isolate B05.10 for 3 d. Data are means of 8 independent biological
replicates 6SEM. (E) Camalexin levels of detached rosette leaves
treated with 5 mM AgNO3 for 3 d. Data are means of 8
independent biological replicates 6SEM.
Found at: doi:10.1371/journal.ppat.1000237.s003 (0.62 MB EPS)
Figure S4 SYD does not bind the promoter of PDF1.2a or
ERF1. ChIP-qPCR analysis of SYD (grey bars; left y-axis) and
POLII (black bars; right axis) recruitment to the promoter of (A)
PDF1.2a (2836 to 2604) and (B) ERF1 (21035 to 2942). Data
presented are normalized to input DNA and expressed as fold
enrichment of SYD or POLII relative to IgG. ChIP-qPCR was
performed on non-wounded and wounded Ler plants. Data are
means of 3 or 4 independent biological replicates 6SEM. The
dashed line represents the mean SYD background fold enrichment
assayed at the promoters of OLEOSIN1 and AT2S3.
Found at: doi:10.1371/journal.ppat.1000237.s004 (0.57 MB EPS)
Figure S5 Background levels of SYD ChIP-qPCR signal in syd-2
plants. ChIP-qPCR analysis of SYD recruitment to the promoters
of PDF1.2a (2323 to 2151), ERF1 (21035 to 2942), MYC2
(2320 to 2222), and VSP2 (2226 to 2147). Data are expressed as
fold enrichment of SYD relative to IgG. ChIP-qPCR was
performed on 12 h wounded Ler and syd-2 plants. Data are
means of 3 or 4 independent biological replicates 6SEM.
Found at: doi:10.1371/journal.ppat.1000237.s005 (0.47 MB EPS)
Table S1 Glucosinolate levels in myc2/jin1 plants.
Found at: doi:10.1371/journal.ppat.1000237.s006 (0.03 MB XLS)
Table S2 Primers used for expression and ChIP-qPCR analysis.
Found at: doi:10.1371/journal.ppat.1000237.s007 (0.02 MB XLS)
Acknowledgments
We thank Simon Chan, Dior Kelley, and Peter Quail for comments
regarding this manuscript and the UC Davis Genome Center Expression
Analysis Core Facility for assistance with the ChIP protocol. We would also
like to thank Siobhan Braybrook and John Harada for the OLEOSIN1 and
AT2S3 primers.
Author Contributions
Conceived and designed the experiments: JW HCR KD. Performed the
experiments: JW HCR YX EWC. Analyzed the data: JW HCR YX EWC.
Contributed reagents/materials/analysis tools: DJK DW KD. Wrote the
paper: JW.
References
1. Li B, Carey M, Workman JL (2007) The Role of Chromatin during
Transcription. Cell 128: 707–719.
2. de la Serna IL, Ohkawa Y, Imbalzano AN (2006) Chromatin remodelling in
mammalian differentiation: lessons from ATP-dependent remodellers. Nat Rev
Genet 7: 461–473.
3. Kwon CS, Wagner D (2007) Unwinding chromatin for development and
growth: a few genes at a time. Trends Genet 23: 403–412.
4. Saha A, Wittmeyer J, Cairns BR (2006) Chromatin remodelling: the industrial
revolution of DNA around histones. Nat Rev Mol Cell Biol 7: 437–447.
5. Guillemette B, Bataille AR, vry N, Adam M, Blanchette M, et al. (2005) Variant
Histone H2A.Z Is Globally Localized to the Promoters of Inactive Yeast Genes
and Regulates Nucleosome Positioning. PLoS Biol 3: e384. doi:10.1371/
journal.pbio.0030384.
6. Tsukiyama T (2002) The in vivo functions of ATP-dependent chromatin-
remodelling factors. Nat Rev Mol Cell Biol 3: 422–429.
7. Bezhani S, Winter C, Hershman S, Wagner JD, Kennedy JF, et al. (2007) Unique,
Shared, and Redundant Roles for the Arabidopsis SWI/SNF Chromatin
Remodeling ATPases BRAHMA and SPLAYED. Plant Cell 19: 403–416.
8. Kwon CS, Chen C, Wagner D (2005) WUSCHEL is a primary target for
transcriptional regulation by SPLAYED in dynamic control of stem cell fate in
Arabidopsis. Genes Dev 19: 992–1003.
9. Wagner D, Meyerowitz EM (2002) SPLAYED, a Novel SWI/SNF ATPase
Homolog, Controls Reproductive Development in Arabidopsis. Curr Biol 12:
85–94.
10. March-Diaz R, Garcia-Dominguez M, Lozano-Juste J, Leon J, Florencio FJ, et
al. (2008) Histone H2A.Z and homologues of components of the SWR1 complex
are required to control immunity in Arabidopsis. Plant J 53: 475–487.
11. Zhou C, Zhang L, Duan J, Miki B, Wu K (2005) HISTONE DEACETY-
LASE19 Is Involved in Jasmonic Acid and Ethylene Signaling of Pathogen
Response in Arabidopsis. Plant Cell 17: 1196–1204.
12. Zhu J, Jeong JC, Zhu Y, Sokolchik I, Miyazaki S, et al. (2008) Involvement of
Arabidopsis HOS15 in histone deacetylation and cold tolerance. Proc Natl Acad
Sci USA 105: 4945–4950.
13. Wu K, Zhang L, Zhou C, Yu C-W, Chaikam V (2008) HDA6 is required for
jasmonate response, senescence and flowering in Arabidopsis. J Exp Bot 59:
225–234.
14. Sridhar VV, Kapoor A, Zhang K, Zhu J, Zhou T, et al. (2007) Control of DNA
methylation and heterochromatic silencing by histone H2B deubiquitination.
Nature 447: 735–738.
15. Tsukiyama T, Palmer J, Landel CC, Shiloach J, Wu C (1999) Characterization
of the Imitation Switch subfamily of ATP-dependent chromatin-remodeling
factors in Saccharomyces cerevisiae. Genes Dev 13: 686–697.
16. Geng F, Laurent BC (2004) Roles of SWI/SNF and HATs throughout the
dynamic transcription of a yeast glucose-repressible gene. EMBO J 23: 127–137.
17. Damelin M, Simon I, Moy TI, Wilson B, Komili S, et al. (2002) The Genome-
Wide Localization of Rsc9, a Component of the RSC Chromatin-Remodeling
Complex, Changes in Response to Stress. Mol Cell 9: 563–573.
18. Proft M, Struhl K (2002) Hog1 Kinase Converts the Sko1-Cyc8-Tup1 Repressor
Complex into an Activator that Recruits SAGA and SWI/SNF in Response to
Osmotic Stress. Mol Cell 9: 1307–1317.
19. Wilson B, Erdjument-Bromage H, Tempst P, Cairns BR (2006) The RSC
Chromatin Remodeling Complex Bears an Essential Fungal-Specific Protein
Module With Broad Functional Roles. Genetics 172: 795–809.
20. Zhang J, Ohta T, Maruyama A, Hosoya T, Nishikawa K, et al. (2006) BRG1
Interacts with Nrf2 To Selectively Mediate HO-1 Induction in Response to
Oxidative Stress. Mol Cell Biol 26: 7942–7952.
21. Walley JW, Coughlan S, Hudson ME, Covington MF, Kaspi R, et al. (2007)
Mechanical Stress Induces Biotic and Abiotic Stress Responses via a Novel cis-
Element. PLoS Genet 3: e172. doi:10.1371/journal.pgen.0030172.
22. Lorenzo O, Solano R (2005) Molecular players regulating the jasmonate
signalling network. Curr Opin Plant Bio 8: 532–540.
23. Durrant WE, Dong X (2004) SYSTEMIC ACQUIRED RESISTANCE. Annu
Rev Phytopathol 42: 185–209.
24. Zarate SI, Kempema LA, Walling LL (2007) Silverleaf Whitefly Induces
Salicylic Acid Defenses and Suppresses Effectual Jasmonic Acid Defenses. Plant
Physiol 143: 866–875.
Chromatin Remodeling and Stress
PLoS Pathogens | www.plospathogens.org 7 December 2008 | Volume 4 | Issue 12 | e1000237
25. Ndamukong I, Abdallat AA, Thurow C, Fode B, Zander M, et al. (2007) SA-
inducible Arabidopsis glutaredoxin interacts with TGA factors and suppresses
JA-responsive PDF1.2 transcription. Plant J 50: 128–139.
26. Glazebrook J (2005) Contrasting mechanisms of defense against biotrophic and
necrotrophic pathogens. Annu Rev phytopathol 43: 205–227.
27. Penninckx IAMA, Thomma BPHJ, Buchala A, Metraux J-P, Broekaert WF
(1998) Concomitant Activation of Jasmonate and Ethylene Response Pathways
Is Required for Induction of a Plant Defensin Gene in Arabidopsis. Plant Cell
10: 2103–2114.
28. Lorenzo O, Piqueras R, Sanchez-Serrano JJ, Solano R (2003) ETHYLENE
RESPONSE FACTOR1 Integrates Signals from Ethylene and Jasmonate
Pathways in Plant Defense. Plant Cell 15: 165–178.
29. Solano R, Stepanova A, Chao Q, Ecker JR (1998) Nuclear events in ethylene
signaling: a transcriptional cascade mediated by ETHYLENE-INSENSITIVE3
and ETHYLENE-RESPONSE-FACTOR1. Genes Dev 12: 3703–3714.
30. Kazan K, Manners JM (2008) Jasmonate Signaling: Toward an Integrated
View. Plant Physiol 146: 1459–1468.
31. McGrath KC, Dombrecht B, Manners JM, Schenk PM, Edgar CI, et al. (2005)
Repressor- and Activator-Type Ethylene Response Factors Functioning in
Jasmonate Signaling and Disease Resistance Identified via a Genome-Wide
Screen of Arabidopsis Transcription Factor Gene Expression. Plant Physiol 139:
949–959.
32. Boter M, Ruiz-Rivero O, Abdeen A, Prat S (2004) Conserved MYC
transcription factors play a key role in jasmonate signaling both in tomato
and Arabidopsis. Genes Dev 18: 1577–1591.
33. Anderson JP, Badruzsaufari E, Schenk PM, Manners JM, Desmond OJ, et al.
(2004) Antagonistic Interaction between Abscisic Acid and Jasmonate-Ethylene
Signaling Pathways Modulates Defense Gene Expression and Disease Resistance
in Arabidopsis. Plant Cell 16: 3460–3479.
34. Lorenzo O, Chico JM, Sanchez-Serrano JJ, Solano R (2004) JASMONATE-
INSENSITIVE1 Encodes a MYC Transcription Factor Essential to Discrim-
inate between Different Jasmonate-Regulated Defense Responses in Arabidop-
sis. Plant Cell 16: 1938–1950.
35. Dombrecht B, Xue GP, Sprague SJ, Kirkegaard JA, Ross JJ, et al. (2007) MYC2
Differentially Modulates Diverse Jasmonate-Dependent Functions in Arabidop-
sis. Plant Cell. pp tpc.106.048017.
36. Kliebenstein DJ (2004) Secondary metabolites and plant/environment interac-
tions: a view through Arabidopsis thaliana tinged glasses. Plant Cell Environ 27:
675–684.
37. Zhang X, Clarenz O, Cokus S, Bernatavichute YV, Pellegrini M, et al. (2007)
Whole-Genome Analysis of Histone H3 Lysine 27 Trimethylation in
Arabidopsis. PLoS Biol 5: e129. doi:10.1371/journal.pbio.0050129.
38. Rowe HC, Kliebenstein DJ (2007) Elevated Genetic Variation Within
Virulence-Associated Botrytis cinerea Polygalacturonase Loci. Mol Plant
Microbe Interact 20: 1126–1137.
39. Denby KJ, Kumar P, Kliebenstein DJ (2004) Identification of Botrytis cinerea
susceptibility loci in Arabidopsis thaliana. Plant J 38: 473–486.
40. Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible W-R (2005)
Genome-Wide Identification and Testing of Superior Reference Genes for
Transcript Normalization in Arabidopsis. Plant Physiol 139: 5–17.
41. Engelberth J, Schmelz EA, Alborn HT, Cardoza YJ, Huang J, et al. (2003)
Simultaneous quantification of jasmonic acid and salicylic acid in plants by
vapor-phase extraction and gas chromatography-chemical ionization-mass
spectrometry. Anal Biochem 312: 242–250.
42. Kliebenstein DJ, Rowe HC, Denby KJ (2005) Secondary metabolites influence
Arabidopsis/Botrytis interactions: variation in host production and pathogen
sensitivity. Plant J 44: 25–36.
43. Kliebenstein DJ, Kroymann J, Brown P, Figuth A, Pedersen D, et al. (2001)
Genetic Control of Natural Variation in Arabidopsis Glucosinolate Accumula-
tion. Plant Physiol 126: 811–825.
44. Fiebig HJ, Arens M (1992) Glucosinolates (HPLC Method) - Survey By a
Working Party of the Dgf, 128th Report - German Standard Methods For
Investigation of Fats, Fatty Products, Tensides and Related Materials, 98th
Report - Analysis of Fat Raw-Materials. Fett Wiss Technol 94: 199–203.
45. Reichelt M, Brown PD, Schneider B, Oldham NJ, Stauber E, et al. (2002)
Benzoic acid glucosinolate esters and other glucosinolates from Arabidopsis
thaliana. Phytochemistry 59: 663–671.
46. Chakrabarti SK, James JC, Mirmira RG (2002) Quantitative Assessment of
Gene Targeting in Vitro and in Vivo by the Pancreatic Transcription Factor,
Pdx1. IMPORTANCE OF CHROMATIN STRUCTURE IN DIRECTING
PROMOTER BINDING. J Biol Chem 277: 13286–13293.
Chromatin Remodeling and Stress
PLoS Pathogens | www.plospathogens.org 8 December 2008 | Volume 4 | Issue 12 | e1000237
